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We demonstrate fully electrical detection of spin injection in InAs quantum wells. A spin polarized
current is injected from a Ni81Fe19 thin film to a two-dimensional electron gas (2DEG) made of InAs
based epitaxial multi-layers. Injected spins accumulate and diffuse out in the 2DEG, and the spins
are electrically detected by a neighboring Ni81Fe19 electrode. The observed spin diffusion length
is 1.8 µm at 20 K. The injected spin polarization across the Ni81Fe19/InAs interface is 1.9% at
20 K and remains at 1.4% even at room temperature. Our experimental results will contribute
significantly to the realization of a practical spin field effect transistor.
PACS numbers: 72.25.Dc, 72.25.Hg, 72.25.Rb, 85.75.Hh
Spintronics is a fascinating new paradigm with the po-
tential to overcome some of the physical limitations of
conventional electronics. An essential ingredient of spin-
tronic devices is the presence of a spin-polarized current,
which is often generated by current injection from fer-
romagnetic metals. However, contemporary spintronics
faces the challenge of developing efficient injection and
detection methods for spin-polarized currents in semi-
conductors. In particular, fully electrical spin injection
and detection are the primary prerequisites for realizing
a spintronic device which is compatible with other elec-
tronic charge based devices. Here we provide a manifest
evidence of the purely electrical detection of spin injec-
tion and accumulation in InAs quantum wells. Spins in-
jected from a Ni81Fe19 thin film accumulate and diffuse
out in the InAs quantum well, with the spins being elec-
trically detected by a neighbouring Ni81Fe19 electrode.
The observed spin signals provide us with substantive
information such as the injected spin polarization and
the spin relaxation time in the InAs quantum well over
a wide temperature range up to room temperature.
We have constructed a mesoscopic semiconductor lat-
eral spin valve that exhibits fully electrical spin injection
and detection. The device consists of two ferromagnetic
electrodes and an InAs high-electron-mobility transistor
(InAs HEMT). The InAs HEMT has been epitaxially
grown by molecular beam epitaxy on a semi-insulated
InP(100) substrate. A quantum well, which functions
as a two-dimensional electron gas channel (2DEG), is
present at a depth of 35.5 nm from the top surface. The
carrier density and mobility of 2DEG are n = 6.3× 1012
(4.6× 1012) cm−2 and µ = 5,700 (34,700) cm2V−1s−1 at
295 K (20 K). A scanning electron micrograph of a repre-
sentative device is shown in Fig. 1(a). The essential parts
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of the device are a single 8-µm-wide InAs HEMT chan-
nel and two ferromagnetic electrodes that work as the
spin injector and detector. The ferromagnetic electrodes
have different aspect ratios, and hence exhibit distinctive
magnetization-switching fields. A desired configuration
of magnetization orientations can be obtained by apply-
ing the external magnetic field along the easy axis of the
ferromagnetic patterns.
The most delicate step in the device fabrication pro-
cess is constructing an appropriate interface between the
ferromagnetic electrode and the InAs HEMT. We found
that the electrical detection of spin injection was stable
and reproducible only for devices with an interface re-
sistance for which RF/SCAJ = 20∼50 Ω-µm
2 at 20 K,
where AJ is the interface area and RF/SC is the resis-
tance of the interface between the Ni81Fe19 film and the
InAs HEMT. A thickness of 25.5∼32.5 nm was removed
from the top surface by Ar-ion milling and exposed to dry
air to yield a very thin oxide layer, after which an 80-nm-
thick Ni81Fe19 film was sputtered from a single target in a
magnetic field. Figure 1(b) shows a schematic diagram of
the cross section where the ferromagnetic electrode was
deposited. The distance between the ferromagnetic layer
and the InAs quantum well is 3∼10 nm, as measured
by transmission electron microscopy. This distance was
found to be the most suitable for spin injection and de-
tection in our experiments.
To examine the characteristics of the interface, we com-
pared effective resistances RF and RSC of a spin diffu-
sion length for NiFe and the InAs 2DEG, and the in-
terface resistance RF/SC [1, 2, 3]. Using the values de-
termined from this experiment, we estimate that RF =
ρFλF /AJ ≈ 4.0 × 10
−5 Ω and RSC = ρSCλSC/ASC
≈ 21 Ω, where ρx and λx are the resistivities and the
spin diffusion lengths for NiFe (“F”) and the InAs 2DEG
(“SC”), respectively, and ASC is the cross-sectional area
of the InAs 2DEG. We used λF = 4.3 nm, as obtained
in a previous spin-valve experiment [4]. The typical
RF/SC required to observe spin signals in this experi-
2ment is 1∼10 Ω, indicating that the interface resistance
is in the range RF ≪ RF/SC < RSC , which is nei-
ther transparent (RF/SC ≪ RF ) nor strictly tunnelling-
like (RF/SC ≫ RSC). It should be noted that the
conductance-mismatch model [5] developed for the trans-
parent limit is not applicable to the systems in this letter.
Spin injection can be detected electrically by measur-
ing correlations of the magnetization of two ferromag-
netic electrodes. Two different measurement geometries
are usually employed for these measurements. The first
type of measurement is the four-probe measurement in
local spin-valve geometry, in which voltage drops associ-
ated with current flows between the ferromagnetic elec-
trodes are measured, yielding the resistance in parallel
(Rpar) and antiparallel (Ranti) magnetization configu-
rations. Figure 2(a) shows the magnetoresistance mea-
sured in the local spin-valve geometry. The spin-valve ef-
fect can be estimated by the relative magnetoresistance
∆R/Rpar = (Ranti − Rpar)/Rpar. When the distance
between ferromagnetic electrodes is much smaller than
the spin relaxation length (λF ) in the ferromagnetic elec-
trodes, ∆R/Rpar has the maximum value of β
2/(1−β2),
where β is the bulk spin polarization in the ferromag-
netic electrode. However, the distance between the fer-
romagnetic electrodes is usually larger than the spin re-
laxation length in a conventional lateral spin-valve de-
vice, in which case the relative magnetoresistance effect
has a very small magnitude. In our lateral spin-valve
devices the observed ∆R/Rpar was as small as 0.029%
(Fig. 2(a)).
The second type of measurement involves nonlocal ge-
ometry, which is used to obtain the spin diffusion length
in a metal or a semiconductor. In this measurement ge-
ometry, the voltage is not measured where the charge
current flows; instead, only the chemical potential that
is sensitive to spin accumulation is measured using a fer-
romagnetic detector. Figure 2(b) shows the nonlocal spin
signal as a function of magnetic field applied along the
easy axis of ferromagnetic patterns. The chemical poten-
tial in the parallel (antiparallel) magnetization makes an
additive (subtractive) contribution to the nonlocal volt-
age. The ranges of magnetic fields where the resistance
dips appear in the nonlocal spin signal match exactly
with the ranges where the resistance maxima occur in the
local spin-valve signal of Fig. 2(a). The characteristics
of the observed nonlocal spin signal do not change even
if the injection and detection electrodes are exchanged.
Since the Hall effect is antisymmetric with respect to
the zero magnetic field, it is unlikely that the signal in
Fig. 2(b) contains any contribution from the Hall effect
given that the baseline resistance is flat and no significant
antisymmetric component was detected. For this reason,
we abandoned the speculation that the Hall voltage may
be detected using the nonlocal geometry.
The spin diffusion length and the injected spin polar-
ization were estimated from an analysis of the space cor-
relation of the nonlocal spin signal. Figure 3(a) shows the
spatial dependence of the magnitude of the nonlocal spin
signal. The spatial dependence of the nonlocal spin signal
∆R = (Rpar−Ranti) is known to follow the exponential-
decay formula ∆R = (η2Rsλs/w) exp(−L/λs), where η
is the injected spin polarization of the current crossing
the NiFe-InAs interface, Rs is the sheet resistance of the
InAs 2DEG, w is the width of the InAs 2DEG, λs is
the spin diffusion length of the InAs 2DEG and L is the
center-to-center distance between the ferromagnetic elec-
trodes. Fitting the obtained data to the formula yields
estimates of λs ≈ 1.8 µm and η ≈ 1.9% at 20 K. The
black solid line in Fig. 3(a) represents the fitted curve
for 20 K, and similar fits were obtained for other tem-
peratures. We estimate that λs ≈ 1.9 µm and η ≈ 1.7%
at 50 K, λs ≈ 1.5 µm and η ≈ 1.7% at 100 K, and
λs ≈ 1.3 µm and η ≈ 1.4% at 295 K. The injected spin
polarization shows a very weak dependence on tempera-
ture (Fig. 3(b)). These data represent the determination
of η purely by electrical detection of spin injection in a
semiconductor. Moreover, the injected spin polarization
remains at 1.4% up to room temperature. This weak
temperature dependence of η is consistent with a previ-
ous study in which the spin injection into a GaAs quan-
tum well was examined by observing circularly polarized
light [6].
The spin relaxation time can be estimated from
τs = λs
2/D. The diffusion constant is given by D =
1/[N(EF )e
2Rs], where N(EF ) is the density of states at
the Fermi level and e is the electron charge. Figure 3(c)
shows that the temperature dependence of τs in the InAs
2DEG is rather weak. In a previous investigation of spin
relaxation using pumping-probe optical orientation spec-
troscopy, the temperature dependence of spin relaxation
in GaAs-based quantum wells was observed to depend
on the confinement energy [7]. That study showed that
τs depends very weakly on temperature for narrow quan-
tum wells (i.e. with a width of less than 10 nm) while
it follows an inverse-square dependence with tempera-
ture for wide quantum wells. The width of our InAs
quantum well was narrow (2 nm), so the weak temper-
ature dependence of τs in Fig. 3(c) is consistent with
spin relaxation in GaAs-based quantum wells. The tem-
perature dependence of spin relaxation is also consistent
with predictions of the D’yakonov-Kachorovski [8] and
D’yakonov-Perel [9] mechanisms that the spin relaxation
rate 1/τs scales as T
3τp in a bulk semiconductor and a
wide quantum well, and as TE1
2τp in a narrow quantum
well, where E1 is the confinement energy of the quantum
well, τp is the momentum scattering time and T is the
temperature. Therefore, τs of the narrow quantum well
(as in our InAs HEMT) is expected to be independent of
T when τp is inversely proportional to T . For comparison
we have also estimated τp of the InAs HEMT from mea-
surements of the sheet resistance and the Hall effect. In
the temperature range of our experiment, τp was roughly
inversely proportional to T (Fig. 3(c)).
Purely electrical spin injection and detection in a semi-
conductor are important prerequisites for constructing a
spin-FET. In the model spin-FET proposed by Datta and
3Das [10], spins injected from a ferromagnetic electrode
reach the other ferromagnetic electrode after precession
due to the Rashba interaction that occurs in a semicon-
ductor channel. Since the strength of the Rashba spin-
orbit interaction is modulated by the gate electrode in
the spin-FET, the output signal is modified by changes
in the spin precession angle. Realizing a spin-FET re-
quires a semiconductor with a controllable α. Our layer
structure is very similar to a previously reported inverted
InGaAs/InAlAs heterostructure with controllable α by a
gate voltage [11]. Consequently, the results in this letter
will contribute significantly to the realization of a prac-
tical spin-FET.
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FIG. 1: (a) Scanning electron micrograph of the mesoscopic
ferromagnet-semiconductor spin-valve device. An 8-µm-wide
two-dimensional electron gas channel, which is connected by
terminals 1 and 4, is defined by dry etching. The external
magnetic field, B, is applied along the easy axis of the fer-
romagnetic film. The white line represents a cut line for the
cross-sectional view. (b) Schematic of the cross section where
the ferromagnetic electrode was deposited. The buffer layer
consists of 300-nm-thick In0.52Al0.48As on top of InP sub-
strate.
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FIG. 2: (a) Magnetoresistance measured in the local spin-
valve geometry at 20 K. When the current flows from ter-
minals 2 to 3, the voltage is measured between terminals 6
and 5. The arrows represent the sweep direction of the mag-
netic field for each trace. (b) Nonlocal spin signal at 20 K.
The nonlocal voltage is measured between terminals 3 and 4,
while the current flows from terminal 2 to 1. The data were
taken for the device of L = 2.2 µm. For this device, the dis-
tance between the ferromagnetic layer and the InAs quantum
well is ∼3 nm.
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FIG. 3: (a) Spatial dependence of the magnitude of the non-
local spin signal. (b) Temperature dependence of the injected
spin polarization, η. (c) Temperature dependence of spin re-
laxation time (τs) and momentum scattering time (τp). The
error bars indicate the standard deviations in our measure-
ments. The distance between the ferromagnetic layer and the
InAs quantum well of all the devices is ∼7 nm.
